ABSTRACT Monoterpenoids and low pressure have each been demonstrated to cause mortality of stored-product insect pests. The current report investigated the prospects of integrating the two methods in the management of diapausing and nondiapausing larvae of Plodia interpunctella (Hü bner). In a separate experiment, the larvae were exposed to 35.5 mmHg in Erlenmeyer ßasks at 19 and 28ЊC for times ranging from 30 min to 96 h. Another set of experiments was conducted to investigate the toxicity of exposing P. interpunctella larvae to monoterpenoids including E-anethole, estragole, S-carvone, linalool, L-fenchone, geraniol, ␥-terpinene, and DL-camphor alone or in combination with low pressure (50 mmHg). Lethal times (LT) determined by subjecting time-mortality data to probit analyses were shortened to half when both diapausing and nondiapausing larvae were exposed to low pressure at 28ЊC compared with 19ЊC. Exposure of diapausing larvae to a monoterpenoid alone, with the exception of DL-camphor and estragole, at a concentration of 66.7 l/1L of volume required Ͼ30 h to generate 99% mortality at 19.0 Ϯ 0.8ЊC. However, the LT 99 values for diapausing and nondiapausing larvae exposed to combinations of DL-camphor or estragole and low pressure were considerably shortened. Combinations involving the rest of the monoterpenoids investigated and low pressure did not generate LT 99 that were shorter than those of the control, which was low pressure only. These results suggest that integrating low pressure with DL-camphor or estragole could be a new method for the control of diapausing larvae of P. interpunctella at cooler temperatures.
Physical methods, such as controlled atmospheres or extreme temperatures, are attractive for the management of pests of postharvest commodities because they do not leave chemical residues on food. Unfortunately, physical methods can be expensive, damaging to the commodity, or economically impractical. Low-oxygen controlled atmospheres from the application of low pressure have potential for effective postharvest insect control in some applications. There are several reports of low pressure being used for the disinfestation of postharvest commodities (Navarro and Calderon 1979; Friedlander and Navarro 1983; Calderon et al. 1966; Calderon and Navarro 1968; Mbata and Phillips 2001; Mbata et al. 2004 Mbata et al. , 2005 . Insect mortality under low pressure is caused by low oxygen concentration affecting key cell physiological processes such as cellular respiration, as opposed to the low pressure per se (i.e., physical pressure effects) Calderon 1979, Friedlander and Navarro 1983) . As has been demonstrated in the larvae of Plodia interpunctella (Hü bner) (Lepidoptera: Pyralidae), Indian meal moth, low pressure in combination with low relative humidity has been shown to cause a rapid loss of moisture in exposed insects, which in turn enhanced mortality (Johnson 2010) .
Several factors, such as physical or commodity characteristics, can interact with low pressure to alter susceptibility of insect stages to low pressure. Previous studies were initiated to investigate the inßuence of combining low pressure with other atmospheric gases or addition of fumigants (Calderon and Leesch 1983 , Donahaye and Navarro 1989 , Locatelli and Daolio 1993 . Mbata et al. (2009) investigated the integration of low pressure with bruchid resistant cowpea varieties for the control of the cowpea weevil, Callosobruchus maculatus (F.) . Other studies were conducted to investigate the interaction between temperature and low pressure to induce mortality in different life stages of postharvest insects (Mbata and Phillips 2001; Mbata et al. 2004 Mbata et al. , 2005 Mbata et al. , 2009 . Low pressure has also been integrated with fumigation to improve insect management in stored-products (Bond 1984) .
Though low pressure could be integrated with other integrated pest management (IPM) practices in the control of populations of stored-product insects, there are certain combinations of low pressure and IPM tools that will be more suitable for distinct commodities, insects, or their developmental stages based on value of the commodity or storage environment. For example, diapausing larvae of P. interpunctella are far more tolerant to low pressure than nondiapausing larvae (Johnson 2010) . It is proposed here that the integration of low pressure with monoterpenoids will be ideal in the disinfestation of commodities such as almonds [Prunus dulcis (Miller) D.A.Webb], pistachios (Pistacia vera L.), and walnuts (Juglans L.), which are more likely to be infested by diapausing P. interpunctella larvae, especially during winter. Apart from a preliminary study that was reported (Mbata and Pascual-Villalobos 2010) we are unaware of any reports of procedures using combination of monoterpenoids with low pressure in the control of storedproduct insects. The possible adsorption of volatiles from monoterpenoids on to commodity has not been investigated exhaustively. However, an unpublished study that involved aerating rice treated with monoterpenoids showed that residual odors from monoterpenoids disappeared after a while, and the taste and other quality parameters of treated rice were not affected (M. J. Pascual-Villalobos, personal communication).
Monoterpenoids are 10-carbon, secondary plant chemicals that are major components of essential oils extracted from leaves or fruits of herbs such as Eucalyptus, Ocimum spp., Carum carvi L. (caraway), Coriandrum sativum L., and many others (Rice and Coats 1994, Ló pez et al. 2008) . Most monoterpenoids are volatile and have distinct aromas or ßavors which may be pleasant to humans. The monoterpenoids are believed to aid plants in chemical defense against phytophagous insects and are now being exploited as insecticides. Monoterpenoids that have been investigated for insecticidal actions include E-anethole, estragole, S-carvone, linalool, L-fenchone, geraniol, ␥-terpinene, and DL-camphor (Lopez et al. 2008 , Lee et al. 2002 , Pascual-Villalobos et al. 2004 , Pascual-Villalobos and Ballesta-Acosta 2003 . Many monoterpenoids have been found to be effective against several postharvest insects (Ló pez et al. 2008). The authors hypothesize that combining low pressure with monoterpenoids will cause mortality of exposed diapausing larvae of P. interpunctella and also shorten the exposure period required to generate 100% mortality compared with when either low pressure or monoterpenoid is used alone. These experiments were intended to determine how effective monoterpenoids could be when applied simultaneously with low pressure to achieve disinfestation of postharvest commodities infested by diapausing and nondiapausing larvae of P. interpunctella. The objective of these experiments was to investigate the susceptibilities of diapausing and nondiapausing larvae exposed to low pressure and monoterpenoids at two different temperatures.
Materials and Methods
Rearing of P. interpunctella. The culture of P. interpunctella was originally obtained from USDAÐARS, Grain Marketing and Research Laboratory, Manhattan, KS, in 2001 and had been reared for several generations at the Department of Biology, Fort Valley State University, before the commencement of this study. The culture was reared on a diet of cornmeal, chick laying mash, chick starter mash, oats, and glycerin (volumetric mixture at 4:2:2:2:1) and in an environmental chamber set at 28 Ϯ 1.5ЊC, 70 Ϯ 5% RH and a photoperiod of 16:8 (L:D) (Mbata 1985) .
Nondiapausing last instars of P. interpunctella were obtained from culture jars as they wandered around the jar above the rearing media. Diapausing P. interpunctella were generated by rearing larvae up to fourth instar (12 d after egg hatch) at 28.0 Ϯ 0.8ЊC, 70 Ϯ 2.5% RH and photoperiod of (L:D) 16: 8 h and then transferring them to a chamber maintained at 16ЊC, 67% RH and photoperiod of (L:D) 16:8 h (Mbata 1987) . Up to a third of the transferred larvae grew to last instar and entered diapause within 4 wk at 16ЊC, 67% RH. Diapausing larvae were identiÞed based on their extended larval developmental period, large size and yellowish color because of accumulated fat (Bell 1977 , Mbata 1987 .
Both diapausing and nondiapausing larvae were separately placed in ventilated glass vials measuring 7.5 ϫ 2.5 cm and containing 2.0 g of moth rearing medium (Mbata 1985) . The diapausing larvae were held in the ventilated vials in the chamber maintained at 16ЊC, 67% RH and L:D 16:8 h for 24 h before exposure to low pressure and monoterpenoids. Five diapausing or nondiapusing larvae per vial, with Þve vials per test condition, were set up for each test.
Experimental Protocol
Exposure P. interpunctella Larvae to Low Pressure (35.0 mmHg) at 19 and 28؇C Temperatures. Treatments were conducted by placing vials of test insects into 1,000-ml, thick-walled Erlenmeyer vacuum ßasks with a side arm. Rubber stoppers were Þtted with dial-type pressure gauges, which had been previously calibrated to a mercury column manometer, and placed in the ßask opening. The side-arm outlet of the ßask was connected to a vacuum pump (Budget DynaPump; Fisher, Pittsburgh, PA) via a Tygon vacuum hose (4.76 mm i.d. and 1.59 mm wall thickness) equipped with a screw-type hose clamp. The air in the ßasks was evacuated with the vacuum pump to a pressure of 35.0 Ϯ 5.0 mmHg. After the target pressure was attained, the vacuum hose was clamped and the ßasks were placed in environmental chambers maintained at either 19 or 28ЊC. Untreated (control) ßasks were set up with larvae in the same way as vacuum treated ßasks, but were vented so they were at ambient pressure and maintained in a chamber at 28ЊC. Twelve vacuum ßasks (six at each temperature) were used on any given day of experiments. Vacuum ßasks were set up with 10 vials for each larval type, so there were 20 vials per ßask for each trial with each vial holding Þve larvae. Treatment ßasks were held at low pressure at 19 or 28ЊC for time periods that were 0, 0.5, 1, 3, 6, or 12 h after evacuation. Flasks were removed from controlled temperature chambers at the end of the exposure period, vented to ambient pressure and placed in an environmental chamber at 28ЊC for an appropriate period of recovery. The larvae were observed for mortality after 2 d of recovery period. Three replicates over time were conducted.
Exposure of P. interpunctella Larvae to a Combination of Low Pressure (50.0 mmHg) and Monoterpenoids at 19؇C. Treatments were conducted by placing vials of test larvae into 1,000-ml, thick-walled Erlenmeyer vacuum ßasks with a side arm as described above. Erlenmeyer ßasks containing 20 vials, 10 each for diapausing and nondiapausing larvae of P. interpunctella, with Þve larvae per vial were evacuated to a low pressure of 50 mmHg using vacuum pump. Thus, at each exposure period 50 diapausing and 50 nondiapausing larvae were used for each monoterpenoid or the control and nine ßasks were set up. For this study, 50 mmHg was used as it is difÞcult to sustain lower pressures in practice. Once the desired low pressure was attained the vacuum hose was clamped, the pump shut off, and for treatments requiring the addition of a monoterpenoid, the chemical was injected with a 100 l syringe through the rubber stopper. The monoterpenoids investigated are E-anethole, estragole, Scarvone, Linalool, L-fenchone, geraniol, ␥-terpinene, and DL-camphor. The concentration of monoterpenoid used was 66.7 l/L. The syringe and the needle were pulled out together. The point of insertion of the needle through the rubber stopper was sealed with glue and a strip of cellophane tape to prevent loss of pressure. The ßasks were placed in environmental chambers maintained at 19.0 Ϯ 0.8ЊC and 70 Ϯ 2.5% RH. Treatment ßasks were held at low pressure for the time periods that were 0, 3, 6, 9, 12, 24, and 48 h. Over time, the treatments were repeated three times.
For treatments requiring exposure to monoterpenoids only, 1,000 ml conical ßasks were used. The air in the ßasks was not evacuated but the vials containing P. interpunctella larvae were introduced into ßasks. Thereafter, the ßasks were Þtted with rubber stoppers. Monoterpenoids were injected through the rubber stoppers as described above. Control larvae were neither subjected to low pressure nor to monoterpenoids. Data Analyses. Data were analyzed with probit analysis by using the PROBIT procedure in PC SAS version 9.1 (SAS Institute 1996). The explanatory variable used in the probit analyses was dose (hours exposed), and the response was the ratio of number of larvae killed (i.e., those not recovering after 2 d recovery period) over the number of larvae treated. Estimated exposure times to achieve 99% mortality were compared using overlapping 84% conÞdence intervals as presented in Payton et al. (2003) between diapausing and nondiapausing larvae exposed to low pressure, monoterpenoids, or the combination of low pressure and monoterpenoids. The controls were factored into the probit analyses.
Results
Results of probit analyses for the susceptibility of diapausing and nondiapausing larvae of P. interpunctella to low pressure at temperatures of 19 and 28ЊC are given in Table 1 . Mortality of both diapausing and nondiapausing larvae exposed to 35.0 mmHg occurred in a positive doseÐresponse manner with higher percentage mortality achieved at longer experimental exposure times. Differences in susceptibilities of diapausing and nondiapausing larvae can be seen from the slopes of the probit lines (Table 1) . Nondiapausing larvae were more susceptible than diapausing larvae to low pressure and had higher slope values at 19ЊC but at 28ЊC the slope values were not signiÞcantly different. In addition, higher temperature enhanced the mortality of both diapausing and nondiapausing larvae as the slopes of probit lines were numerically higher at 28ЊC compared with 19ЊC (Table 1) . Nondiapausing larvae required shorter exposure periods compared with diapausing larvae at both temperatures investigated for 99% mortality (LT 99 ) to be achieved but the difference was only signiÞcant at 19ЊC (P Ͻ 0.05; Table 1 ).
Summaries of results of probit analyses for the susceptibility of diapausing and nondiapausing larvae of P. interpunctella to monoterpenoids, low pressure or combinations of both are given in Tables 2 and 3 . With the exception of DL-camphor, exposure of P. interpunctella larvae to monoterpenoids alone did not generate high mortality within a short time as seen in the low values of the slopes of the probit lines (Table 2) . Exposure of both diapausing and nondiapausing larvae to DL-camphor required the least time to kill 99% of the larvae when all the monoterpenoids are compared (Table 3 ). In terms of performance among the monoterpenoids, estragole generated 99% mortality of the larvae within a moderate exposure period compared with DL-camphor ( Table 3) . Combinations of monoterpenoids and low pressure accelerated mortality of exposed nondiapausing and diapausing larvae, and the slopes of probit lines were either numerically significantly higher or not statistically different for the combinations than for those of monoterpenoids alone (Table 2). The susceptibility of larvae to combinations of low pressure and monoterpenoids was more pronounced for nondiapausing than for diapausing larvae (P Ͻ 0.05; Tables 2 and 3 ). Combining certain monoterpenoids with low pressure did not signiÞcantly reduce the exposure period (LT 99 ) required to generate 99% mortality of larvae compared with LT 99 under low pressure alone (Table 3) . Both diapausing and nondiapausing larvae were tolerant to the following monoterpenoids, S-carvone, geraniol, L-fenchone, linalool, and ␥-terpinene, as exposure of larvae to either the monoterpenoids alone or in combinations with low pressure required exposure periods that were signiÞcantly longer or not different from those of the control (P Յ 0.05; Table 3 ). The monoterpenoids that generated the shortest LT 99 when applied alone or in combination with low pressure were DL-camphor and estragole (Table 3) .
Discussion
Mortality of insects exposed to low pressure has been attributed to physiological stress resulting from low oxygen atmospheres under vacuum. Experiments reported here were conducted at 35.0 and 50.0 mmHg, which correspond to atmospheres that are Ϸ0.0461 and 0.06579 of ambient pressure. The oxygen concentrations at the two pressures were correspondingly 0.9681% and 1.382 at 35.0 and 50.0 mmHg and these levels of oxygen are well below the critical level needed for insect disinfestation using controlled atmospheres , Adler 2001 ). Diapausing larvae were more tolerant than nondiapausing larvae to low pressure. The tolerance of diapausing larvae to low pressure has been attributed to reduced respiration and oxygen demands and higher tolerance to desiccation by diapausing insect stages (Kukal et al. 1991 , Johnson 2010 ). In addition, Donahaye (1991) found that insect populations selected for tolerance against hypercarbia, a condition created by the displacement of oxygen with carbon dioxide, had greater body mass than susceptible populations. Diapausing larvae are also known to have greater body mass compared with nondiapausing larvae. For example, greater body mass of diapausing larvae has been ascribed to accumulated lipid and glycogen (Tsuji 1963 , Wipking et al. 1995 and consequently their tolerance to low pressure. Mortality of diapausing larvae was higher at 28ЊC compared with 19ЊC. Wipking et al. (1995) observed that oxygen consumption increased Ͼ1.5 times in diapausing larvae of a different moth, Zygaena trifolii Esper (Lepidoptera: Zygaenidae), when temperature was increased from 5 to 20ЊC. Thus, under low pressure elevated temperatures will cause increased oxygen stress in diapausing moth larvae, which would consequently result in higher larval mortality.
The difference in the mode of gaseous exchange in diapausing and nondiapausing lepidopteran insects may also be responsible for the difference in their tolerance to low pressure. Diapausing lepidoptera are known to undergo discontinuous CO 2 release (Buck 1958 , Schneiderman 1960 . Many other insects are known to exhibit discontinuous carbon-dioxide release when they are in a quiescent stage (Lighton and Lovegrove 1990 , Lighton 1994 , Mbata et al. 2000 . The evolutionary driving force behind discontinuous CO 2 release is to conserve water (Edney 1977 , Kestler 1985 . Discontinuous release of CO 2 appears to be among the factors that promote tolerance of diapausing larvae to low pressure.
The monoterpenoids used in the current study have been demonstrated to behave like fumigants and exhibit toxicity against stored-product insects (Lopez et N ϭ 1,050 ϭ ⌺N for each experimental group. Control, control larvae were exposed to low pressure only. The slopes were generated by the independent variable, exposure time, and dependent variables, mortality or survival of larvae. Two slopes in the same column with the same lower case letter are not signiÞcantly different at a 0.05 level of signiÞcance. Two slopes within the same row with the same upper case letter are not signiÞcantly different at a 0.05 level of signiÞcance.
al. 2008). However, the volatile toxic effect of monoterpenoids alone was effective in generating mortality in both diapausing and nondiapausing larvae within reasonable exposure time when either DL-camphor or estragole was used. It is probable that P. interpunctella larvae will require longer exposure periods to the rest of the monoterpenoids investigated here for 99% mortality to occur.
Generally, combinations of low pressure and monoterpenoids were more effective in reducing the exposure periods required to generate 99% mortality of both diapausing and nondiapausing larvae. Rajendran and Sriranjini (2008) reviewing information on plant products as fumigants for stored-product insects documented that essential oils proved effective in mixture with carbon dioxide or ethyl formate. Carbon dioxide accelerates the penetration of fumigants by forcing the insect to keep the respiratory spiracles open. It is also probable that low pressure will enhance the penetration of essential oils by keeping the spiracles open. Enhancement of the penetration of monoterpenoids by simultaneous treatment with fumigating gases has been reported for other storedproduct insects. For example, a 95:5% vol:vol mixture of ethyl formate: carvone has been used against Sitophilus oryzae (L.) (Waterford et al. 2004) . Others have reported an enhancement of the toxicity of essential oils in the presence of controlled atmospheres (Wang et al. 2001) . Besides enhancing the toxicity of monoterpenoids, their application at low pressure reduced considerably the long exposure times usually needed to kill the insects, either at exposure to low pressure alone or to monoterpenoids alone.
This study indicates that application of DL-camphor or estragole at 66.7 l/L simultaneously with low pressure (50 mmHg) has the potential to reduce the exposure periods required to achieve complete disinfestation of commodities infested with diapausing and nondiapausing larvae of P. interpunctella. However, the issue of vertebrate toxicity of monoterpenoids has not been investigated exhaustively.
With respect to adsorption of volatiles to commodities, an unpublished study that involved aerating rice treated with monoterpenoids showed that residual odors from monoterpenoids disappeared after a while, and the taste and other quality parameters of treated rice were not affected (M. J. Pascual-Villalobos, personal communication). In addition, material safety data sheet for DL-Camphor from Caledon Laboratory Chemicals indicate that the compound could cause irritation to humans but it is not classiÞed as a carcinogen. More studies are needed in this area in order to establish a reentry period for all the monoterpenoids after application. 
